Genome-wide association studies (GWAS) have successfully identified thousands of associations between common genetic variants and human disease phenotypes, but the majority of these variants are non-coding, often requiring genetic fine-mapping, epigenomic profiling, and individual reporter assays to delineate potential causal variants. We employ a massively parallel reporter assay (MPRA) to simultaneously screen 2,756 variants in strong linkage disequilibrium with 75 sentinel variants associated with red blood cell traits. We show that this assay identifies elements with endogenous erythroid regulatory activity. Across 23 sentinel variants, we conservatively identified 32 MPRA functional variants (MFVs). We used targeted genome editing to demonstrate endogenous enhancer activity across 3 MFVs that predominantly affect the transcription of SMIM1, RBM38, and CD164. Functional follow-up of RBM38 delineates a key role for this gene in the alternative splicing program occurring during terminal erythropoiesis. Finally, we provide evidence for how common GWAS-nominated variants can disrupt cell-type-specific transcriptional regulatory pathways.
INTRODUCTION
Genome-wide association studies (GWAS) have successfully identified over 10,000 common SNPs associated with hundreds of human traits and diseases (Welter et al., 2014) . Each GWAS ''hit'' usually represents, or tags, hundreds of variants that are inherited together across a large (many are up to $0.5 megabase) genomic region, termed a linkage disequilibrium (LD) block, often containing numerous protein-coding genes (Raychaudhuri, 2011) . It is estimated that $80% of the phenotypic heritability in common diseases and traits can be explained by non-coding regulatory variants (85%-90% of GWAS hits tag only non-coding variants) (Gusev et al., 2014) , making targetgene identification and subsequent biological inference a considerable challenge (Edwards et al., 2013; Welter et al., 2014) . However, these GWAS-nominated variants are significantly enriched at cell-type-specific regulatory regions such as DNase I hypersensitivity sites (DHS) and transcription factor (TF) occupancy sites, suggesting the attractive hypothesis that many of these variants may alter the regulation of gene transcription (Kundaje et al., 2015; Schaub et al., 2012) .
Firmly establishing the causality of a GWAS-nominated regulatory variant requires clearly demonstrating its molecular functionality, identifying its target gene(s), and proving a connection to the original phenotype. Typically, identifying putative causal regulatory variants from GWAS requires a combination of genetic fine mapping, epigenomic profiling, and individual reporter assays (Edwards et al., 2013) . Moving from putative causal variant (PCV) to target gene is facilitated either by expression quantitative trait loci (eQTL) studies in appropriate tissues or by creating isogenic cellular models (e.g., via genome editing) to identify the target gene(s). A target gene is then modulated in vitro in primary cell culture or in vivo in animal models to identify its role in determining the original phenotype. In a small number of cases, systematic approaches have successfully identified PCV(s), their mechanisms of action, target gene(s), and biological relevance for individual GWAS hits (Bauer et al., 2013; Claussnitzer et al., 2015; Edwards et al., 2013; Musunuru et al., 2010; Sankaran et al., 2008 Sankaran et al., , 2012b .
In order to better understand the underlying biology behind an exponentially growing number of genetic associations, the development of scalable and high-throughput approaches is necessary. A recent study investigated loci associated with several autoimmune disorders by integrating finely mapped genetic associations from over 25,000 individuals with extensive enhancer annotations for 56 potentially relevant cell types, identifying a large number of PCVs (Farh et al., 2015) . Nevertheless, this method resulted in identification of a single PCV for only $10% of genetic associations. Other creative approaches acknowledge the expense and difficulty of genetic and epigenetic fine mapping and have leveraged phylogenetic information to screen for causal variants, although these approaches are limited due to the relatively rapid evolutionary turnover of TFbinding motifs (Claussnitzer et al., 2014) . However, neither of these approaches provides a systematic method to functionally assess the regulatory activity of all variants at these loci.
To address the need for high-throughput functional screening of GWAS loci, we utilized a massively parallel reporter assay (MPRA) to simultaneously screen for regulatory effects in 2,756 variants in high LD with 75 GWAS hits from a comprehensive study of red blood cell (RBC) traits (Melnikov et al., 2012; Patwardhan et al., 2012; van der Harst et al., 2012) . We chose to investigate loci associated with variation in RBC traits as a model for common genetic variation, given our prior success in identifying and following up on GWAS hits associated with such traits (Giani et al., 2016; Ludwig et al., 2015; Sankaran et al., 2008 Sankaran et al., , 2012b . For example, such studies have resulted in the identification and characterization of the key fetal hemoglobin silencer BCL11A, an attractive therapeutic target for sickle cell disease and b-thalassemia (Sankaran et al., 2008; Sankaran and Weiss, 2015) . Here, we used our MPRA to identify 32 functional variants representing 23 ($30%) of the original 75 GWAS hits (median of 1 variant/GWAS hit) and estimate a positive predictive value (PPV) between 32% and 50% for identifying PCVs. We used targeted CRISPR/Cas9 genome editing to confirm the endogenous activity of the regulatory elements containing a subset of these variants. For three variants, we determined their target genes and suggest mechanisms of action. Follow-up on the target gene RBM38 revealed its key role in alternative splicing during terminal erythropoiesis, as well as its relevance to the phenotypes originally reported in the GWAS.
RESULTS
Designing an MPRA to Screen GWAS Variants We selected 2,756 SNPs or small indels that were in high LD (R 2 > 0.8) with 75 previously reported GWAS hits to include in a highthroughput screen (Table S1 ). These variants were identified in the most comprehensive analysis to date that measured the effects of genetic variation on RBC traits, comprising over 135,000 cases from over 30 individual studies (van der Harst et al., 2012) . Positive control variants that disrupt the binding site of the erythroid TF GATA1 in an erythroid enhancer element, resulting in vivo in severe human erythroid disorders, were also included (Campagna et al., 2014; Kaneko et al., 2014; Manco et al., 2000; Solis et al., 2001 ). We modified a recently designed MPRA to screen medium-sized segments of DNA ($145 bp) containing each variant of interest (Melnikov et al., 2012) (Figure 1A ). For each allele (major/minor), we synthesized constructs across three sliding windows (SWs) (''left,'' ''middle,'' and ''right'') in order to vary the genomic context and maximize the chances of isolating key regulatory elements. Each construct was assigned 14 unique, designed barcodes. Constructs were ligated into a plasmid backbone, and an inert open reading frame (ORF) with a minimal promoter (TATA) was ligated 3 0 of the constructs and 5 0 of the barcodes to produce the final pooled library of constructs.
To measure the activity of each construct, the library was transfected into an erythroid cell line, mRNA was isolated and reverse transcribed, PCR amplification was performed on the 3 0 end surrounding the barcode, and the PCR products were deep sequenced to determine barcode representation (Figure 1A) . DNA was isolated and sequenced from the plasmid library to determine the relative abundance of each construct in the library. Thus, an mRNA/DNA ratio aggregated across each barcode represents the activity for the tagged construct. Although most barcodes were abundant in the pooled library (>80%), those with low representation were excluded, resulting in the inclusion of 95% of the original constructs in subsequent analyses ( Figure 1B ). Activity estimates were highly correlated across all replicates ( Figure 1C ), whereas activity across SWs was only moderately correlated ( Figure S1A ). Importantly, we did not observe that barcode biases substantially affected our activity estimates ( Figure S1B ).
Common Genetic Variation Associated with RBC Traits Intrinsically Affects the Erythroid Lineage
Reporter assays display cell-type-specific activity (Musunuru et al., 2010; Sankaran et al., 2012b) , highlighting the critical importance of identifying an appropriate cellular model for an MPRA screen. We performed multiple analyses to identify the primary cell type in which common genetic variation associated with RBC traits is most likely to act. We first investigated a compendium of 79 diverse human tissues for cell-type-specific gene expression proximal to LD blocks containing the GWAS hits (Su et al., 2004) . Transferrin receptor (CD71) positive human erythroid progenitors/precursors (HEPs) from the bone marrow were identified as the most significantly enriched cell type (Figure 2A ). To more finely identify the exact state(s) of hematopoietic differentiation where transcription could be affected by GWAS variants, we investigated 38 cell types representing the major stages of human hematopoietic differentiation and identified three distinct stages of glycophorin A (GlyA) positive HEPs as the most enriched ( Figure 2B ) (Novershtern et al., 2011) . Importantly, we observed that these variants are most significantly enriched for regulatory regions identified by open chromatin in erythroid cells compared with other cell types (Kundaje et al., 2015) (Figure 2C ), suggesting that many of these variants may affect transcription by altering regulatory activity in HEPs.
Key experimental factors for an MPRA screen are that the reproducibility of barcode counts is dependent upon high transfection efficiency and starting cell numbers scale linearly with library complexity (here $231,000 elements) (Melnikov et al., 2012) . Thus, we excluded performing MPRA in primary erythroid cells derived from donor CD34 + human hematopoietic stem and progenitor cells (HSPCs), which are limited in total numbers and display considerable heterogeneity in terms of stage of differentiation (Hu et al., 2013) , as this would likely result in poor-quality data. We determined that the human erythroid cell line K562 was a suitable cellular model in which to perform the MPRA as a result of multiple features. First, K562 gene expression is similar to that of HEPs ( Figure 2E ). Second, K562 cells share similar open chromatin (agnostic to promoter or enhancer demarcations) with HEPs based upon hierarchical clustering across 54 cell types and show greater than 70% overlap with RBC trait GWAS hits at these regulatory elements ( Figures 2C and 2D ). Figure 2G ). Upon overexpression of GATA1, we were able to induce a more terminal erythroid gene signature ( Figures 2H and 2I) , highlighted by the upregulation of crucial erythroid TFs, such as KLF1 ( Figure 2J ). Thus, we performed our MPRA in both standard K562 cells, resembling an earlier HEP, and K562+GATA1 cells, resembling a more differentiated HEP ( Figure 1C ).
MPRA Identifies Endogenous Regulatory Elements
We first investigated the activity of each control element, derived from regulatory elements mutated (GATA1 motif disruption) in human Mendelian erythroid disorders . In each case, the reference (Ref), non-mutated control construct showed strong enhancer-like activity in our assay (top 1% of all constructs for at least one SW). Moreover, at a false discovery rate (FDR) of 1%, all control mutants exhibited decreased activity in our assay across at least one SW (Figures 3A and S3A) . Having confirmed that we could identify active regulatory elements, we examined all active constructs (ACs) identified in our assay. These ACs, defined as elements with activity significantly greater than the activity distribution formed from all investigated constructs (FDR < 1%) and representing fewer than 4% of tested constructs, show a similar activity distribution to non-mutated controls ( Figures 3B and S3B ). Inactive constructs show activity similar to, but slightly lower than, control mutants, suggesting that whereas most inactive constructs have limited regulatory activity, disruptions in strong regulatory elements due to single-base mutations retain partial regulatory/enhancer-like activity ( Figure 3B ). Given that MPRA is an exogenous assay, we investigated the overlap of ACs with endogenous regulatory elements in both HEPs and K562 cells. We found that ACs were significantly enriched for open chromatin in erythroid cell types compared to inactive constructs or to $10,000 unrelated GWAS hits (background SNPs) (Figures 3E and S3D) . Although many of these regulatory regions are shared across multiple tissues (median overlap 8/54, 14% of all tissues), ACs showed the greatest overlap with erythroid cell types ( Figure 3F ). ACs were also significantly enriched for chromatin occupancy of the erythroid TF GATA1 and its co-factor TAL1. When we trained a 6-mer support vector machine on the underlying DNA sequences (Lee et al., 2011) , we identified known erythroid TF-binding motifs, including GATA1, TAL1, ETS/FLI1, and AP-1/NFE2, as most predictive of high activity ( Figure 3D) . Moreover, this model shows high discriminatory ability to correctly classify constructs as active or inactive ( Figures 3C and S3C ). Together, these findings show that MPRA can correctly identify regulatory elements that exhibit activity in the endogenous genomic setting and suggest that differences in MPRA activity likely represent changes in binding or activity of cell-type-specific TFs.
Identifying MPRA Functional Variants
We next set out to identify constructs that show significant allelic variation in activity. In a combined analysis of both cell types, out of 8,268 constructs (3 SWs for 2,756 variants) we identified 43 constructs containing 32 variants with differential allelic activity (FDR < 1%). These 32 variants, termed MPRA functional variants or MFVs, represent 31% (23/75) of the GWAS hits with a median of 1 MFV per GWAS hit ( Figure 3G and Table S2 ). On average, the effect sizes of the MFVs were moderate (mean log 2 -fold change of 1.28) ( Figure 3G ), and variants identified as MFVs had better barcode representation than non-MFVs (nMFVs) (mean 27.2 versus 23.2 out of 28 possible).
In order to better understand the set of MFVs identified by our assay, we first used orthogonal evidence to infer their regulatory functionality. Similar to ACs, MFVs are most enriched for regions of open chromatin in both primary HEPs and K562 cells when compared to other cell types (Figures 3H and S3E) . Although most variants lie within fairly cell-type-specific regulatory elements (median 6/54 cell types), some variants fall in ubiquitous elements ( Figure S3E ). Similar to previous studies (Farh et al., 2015) , only 63% (20/32) of MFVs overlap with open chromatin in at least one of the 54 assayed cell types, suggesting the possibility that some variants may act in unassayed cell types or in regulatory regions not captured by open chromatin profiling (alternatively, these variants could be false positives).
Strikingly, we observe a strong enrichment for erythroid TF occupancy, including GATA1 and TAL1 ( Figure 3H ). In order to determine whether the activity of certain MFVs was dependent upon GATA1 levels, we compared activity for each construct between K562 and K562+GATA1 MPRA experiments ( Figure S3G and Table S3 ). Intriguingly, the group of MFVs was significantly enriched for constructs that exhibit a dosage-dependent response to GATA1 (Figures 3J and S3G) . As a control, we show that the Mendelian constructs with mutated GATA1 motifs do not change in activity with increased GATA1 expression, whereas those with an intact GATA1 motif substantially increase ( Figures 3K and S3G) .
As a number of innovative algorithms that can predict the regulatory function of a variant have recently been developed and validated, we applied a subset of these to our 32 MFVs in order to determine whether the set of MFVs is indeed enriched for functional regulatory variants. General algorithms without allelic directionality, including Eigen and DeepSea's FunSig, assign higher functional scores to MFVs when compared to all tested variants or to ACs containing variants that do not show allelic skew (AC/nMFV) ( Figure S3F ) (Ionita-Laza et al., 2016; Zhou and Troyanskaya, 2015) . Algorithms with directionality, including delta-SVM and DeepSea, are trained on cell-type-specific data and provide better separation ( Figure S3F ) (Lee et al., 2015; Zhou and Troyanskaya, 2015) . Importantly, the size and direction of MFV allelic skew predicted by these algorithms are strongly correlated with MPRA fold changes ( Figures 3L and 3M ). Collectively, the DHS and TF overlap coupled with the predictive rs17616316  rs2269906  rs2271294  rs2302264  rs243070  rs3829290  rs3892630  rs3916164  rs4969184  rs6776003  rs6914805  rs7312105  rs732716  rs737092  rs7529925  rs8182252  rs857684  rs11042125  rs4890633  rs1008084  rs901683 MPRA functional variants (legend continued on next page) algorithm results suggest that our set of MFVs is enriched for functional regulatory variants. We next sought to determine the extent to which our set of MFVs was enriched for causal variants. Of the 32 MFVs, only 2 are sentinel variants (9%), similar to findings of previous studies (Farh et al., 2015) . In order to determine the amount of genetic evidence supporting each tested variant, we applied the previously validated PICS algorithm for genetic fine-mapping to estimate the probability that each variant is causal and determined that our set of MFVs was indeed enriched for PCVs ( Figure S3F ) (Farh et al., 2015) . To derive a more quantitative measure, we reasoned that we could estimate an empirical PPV for our assay by comparing the enrichment of MFVs between a credible set and a non-credible set of variants (e.g., a 60% credible set will contain the causal variant 60% of the time; see Supplemental Experiment Procedures). Using PICS probabilities, we derived 80%, 90%, and 95% credible sets and observed a consistent enrichment of 1.47-to 1.58-fold for MFVs in these credible sets, resulting in an estimated PPV of 32%-37%.
As an alternative estimate of the PPV, we used the expectation that the directionality of MPRA allelic skew should in general correspond to the direction of a variant's endogenous regulatory effects. We thus compared the directionality concordance between MPRA fold changes and the allele-specific activity predictions from delta-SVM and DeepSea ( Figures 3L and 3M ). These two algorithms agree on directionality substantially more than expected by chance (69%-75% agreement versus 50% expected), resulting in an empirical PPV of 38%-50%. To illustrate the specificity of this approach, we observe only a small improvement in agreement for AC/nMFVs (54%-55% agreement versus 50% expected).
Using the inclusive PPV range of 32%-50% and making the assumption that there is only one causal variant for each GWAS association, we estimate that the sensitivity of our MPRA screen to identify causal variants from GWAS is between 14% and 22% (see Supplemental Experimental Procedures). As $80% of causal GWAS variants are expected to act in regulatory regions, it is likely that we have missed a number of true functional variants below our assay's detection threshold and have thus created a resource website combining our MPRA results, PICS probability scores, erythroid chromatin and TF profiles, and population DHS and chromatin skew data (in heterozygous samples) for all 2,756 variants at the 75 loci so that multiple lines of evidence can be weighed before deciding to follow-up on any individual variant (http://www.bloodgenes.org/RBC_MPRA/). For example, rs11865131 resides within the well-known HS-40 enhancer of the a-globin locus (Hughes et al., 2013) , has a PICS probability of 18%, and shows a significant skew in reads for epigenomic modifications. Although this variant is within a strongly AC (top 0.1%), it is sub-threshold for allelic skew in MPRA (FDR of 12%) and thus is likely a false-negative variant as a result.
Involvement of a GATA1 TF Complex at MPRA Functional Variants
Having identified 32 MFVs, we now investigate a few in greater detail and discuss their putative regulatory modalities. First, in the third intron of SLC12A4, we identify a strongly conserved MFV (rs3785098) that falls within an enhancer occupied primarily by the AP-1 complex, which is known to be activated downstream from erythroid mitogens ( Figure S4A ) (Erickson-Miller et al., 2000) . Second, in the short intergenic region between FBXL20 and MED1, we identify an MFV (rs9901219) that is occupied by the ubiquitous transcriptional activator YY1 ( Figure S4B ). Third, we identify an MFV (rs7123861) that falls inside a regulatory element that is silenced, based upon H3K27me3 levels, in erythroid cells but ubiquitously open in other cell types (Figure S4C) . Finally, near MARCH8 we identify multiple MFVs in high LD with the low-frequency sentinel variant rs901683. Although interpreting loci with multiple MFVs is challenging, rs901682 is the most compelling and overlaps with a GATA1 occupancy site ( Figure S4D ).
Although we do not explore the exact mechanisms for these four MFVs further, we did investigate the ability of each variant to alter regulatory features in an endogenous setting by investigating each allele in DHS footprinting performed in heterozygous donors and cell lines (Maurano et al., 2015) . We found that the allele with higher activity in our MPRA had a significantly greater number of reads across it for three out of four MFVs (the 4 th had similar directionality, but the skew was not significant), which provides an initial confirmation of the endogenous regulatory capabilities of these MFVs ( Figure S4E ). Given that 83% of MFVs in HEP open chromatin are within a GATA1 occupancy site, the major regulatory modality of RBC MFVs appears to involve GATA1 and its co-factors, and we focus our efforts on defining these variants and their likely mechanisms. We first identify rs737092 in an erythroid enhancer element bound by GATA1 and numerous co-factors (TAL1, KLF1, LDB1, and NFE2) downstream of RBM38 ( Figure 4A ). In our reporter assay, the major T allele showed increased activity compared to the minor C allele in K562+GATA1 (FDR < 1%) (Figure 4E ). Rs737092 does not directly alter any known TF-binding motifs (Table S4 ), but it is partially conserved and is located 3 bp from a conserved GATA1-binding motif ( Figure 4D) . Similarly, we identify rs4490057 in an erythroid enhancer element bound by GATA1 and TAL1 in the first intron of PGS1 ( Figure 4B ). Rs4490057's minor G allele had significantly higher activity compared to the major A in both K562 and K562+GATA1 (FDR < 1%) ( Figure 4F ). Again, this variant does not appear to alter the core GATA1 motif but is instead 1 bp away and is predicted to slightly affect the extended GATA1/TAL1 motif (higher activity for the allele that improves the GATA1/TAL1 motif) (Figure 4B and Table S4 ). We also identify the MFV rs1175550 within a strong erythroid enhancer bound by GATA1 and multiple cofactors ( Figures 4C and 4G ). This variant falls within the 2 nd intron of SMIM1, and although it also does not disrupt any known TFbinding motifs (Table S4) , it is 3 bp from a partially conserved GATA1/TAL1-binding motif. In contrast to the other three variants, we observe that rs1546723, lying within an erythroid enhancer bound by GATA1 and TAL1 in the pseudogene CCDC162P, disrupts the TAL1 E box of a GATA1/TAL1-binding motif (higher activity for the allele that improves the TAL1 motif) ( Figures 4D and 4H ). Before performing further follow-up on these variants, we used individual luciferase reporter assays to confirm their effects on transcription in a larger genomic context (300-400 nucleotides) ( Figure 4I ).
Isogenic Deletions Identify Multiple Target Genes at Each Locus
In order to investigate the regulatory capacity of the DNA elements containing these MFVs in an endogenous setting and identify target effector gene(s), we targeted three MFVs (rs737092, rs1175550, and rs1546723) with CRISPR/Cas9 genome editing and created isogenic clonal deletions across each MFV (median size was 13 nucleotides) ( Figure S5 ). For each deletion, we investigated the expression of all genes within $1 megabase that were expressed during normal human erythropoiesis (Table S5 ). For rs737092, both deletions identified RBM38 and RAE1 as potential target genes, although RBM38 was most strongly affected, consistent with looping observed between a fragment containing rs737092 and the RBM38 promoter in CD34 + HSPCs ( Figures 4A and 5A ) (Mifsud et al., 2015) . In order to better account for heterogeneity resulting from expansion of single-cell clones, we used deletions across the other unlinked MFVs as cross controls. We determined that RBM38 had a consistent strong knockdown, whereas changes in RAE1 expression were variable ( Figure 5A ).
At rs1175550, we determined that the three nearest expressed genes, SMIM1, LRRC47, and CEP104, were affected, although SMIM1 showed the largest consistent suppression ( Figure 5B ). Downregulation of all three genes was also confirmed in cross controls ( Figure 5B ). This finding is consistent with previous population-based studies that show an association between an LD block containing rs1175550 with whole-blood SMIM1 mRNA expression and its surface protein expression on RBCs (Cvejic et al., 2013; Haer-Wigman et al., 2015) .
At rs1546723, we initially found that the deletions showed substantially altered expression for a proximal gene, CD164, as well as moderately altered expression for two more distal genes, FOXO3 and FIG4, although differences in FOXO3 were not consistent in cross controls ( Figure 5C ). Importantly, looping data in CD34 + HSPCs cells identified a significant interaction between a fragment containing rs1546723 and the CD164 promoter, but not with either the FOXO3 or FIG4 promoters ( Figure 4D ). Overall, our finding that the deletion of small DNA elements containing each MFV affects multiple target genes, although generally only one to two genes are substantially affected, extends upon and is consistent with previous reports of comprehensive GWAS follow-up studies at particular genomic loci (Claussnitzer et al., 2015; Musunuru et al., 2010) . However, it is important to note that the sizes of the effects reported here are likely larger than those of the single-nucleotide changes at the MFVs themselves.
Altered TF Binding as a Putative Mechanism of Action
The observed overlap between MFVs and a GATA1 complex suggests that these four MFVs may alter transcriptional regulation by affecting the binding and/ or activity of erythroid TFs. In order to investigate this possibility, we analyzed FAIRE-seq and ChIP-seq data for GATA1, TAL1, NFE2, and LDB1 in heterozygous donor-derived erythroblasts.
At rs1546723, the variant that alters a TAL1-binding site, we observe a significantly higher number of reads across the active A allele for TAL1, LDB1, and FAIRE-seq compared to the less active G allele, suggesting that rs1546723 substantially alters the binding of TAL1 and LDB1, but not GATA1, thus affecting transcription of its target genes ( Figure 6A) . Previous work has shown that this is indeed the case for other mutations that alter the E box component of a GATA1/TAL1 motif (Wienert et al., 2015) . For rs4490057, the variant that affects the extended GATA1 motif, we observe a substantially higher number of reads for both GATA1 and TAL1 across the allele with higher MRPA activity ( Figure 6B ). We also observe a GATA1 dosage-dependent increase for only the active allele (FDR < 1%) ( Figure 4F) .
In contrast to rs1546723 and rs4490057, neither rs1175550 nor rs737092 (PICS probability of 0.67 and 0.50, respectively) is predicted to disrupt the binding motif of any occupied TF (E-H) Activity scores for minor and major alleles of rs737092 (E), rs4490057 (F), rs1175550 (G), and rs1546723 (H) in the MPRA for the early (K562) and late (K562+GATA1) erythroid progenitor models are shown as boxplots. Position of the variant in the reporter construct is indicated. *FDR < 1%.
(I) Correlations between max MPRA fold-change estimates for allelic skew in K562 cells and individual luciferase reporter fold-change estimates. (Table S4 ). Indeed, the majority of non-coding PCVs do not alter known TF-binding sites (Farh et al., 2015) , so it is currently unclear how variants like rs1175550 and rs737092 affect transcriptional regulation. Recent studies have highlighted the importance of TF-complex preferences for specific nucleotide and tertiary DNA structures both within and outside of core binding motifs (Levo et al., 2015; Panne et al., 2007) , so we predicted the allele-specific effects of these variants on DNA-shape characteristics ( Figures 6D-6F ). We determined that rs737092 and rs1175550 (and to a lesser extent rs4490057) significantly altered either the propeller or helix twists (ProT and HelT) at the edges of GATA1 or TAL1 motifs substantially more than a control of 382 common variants with highly similar localization ( Figures S6C  and S6D ). Consistent with this evidence, the active alleles of D3  D4  D5  D6  D7  D1  D2   D1  D6  D7  D3  D4  D5  D1  D6  D7  D3  D4  D5   D3  D4  D5  D1  D2  D6 Small clonal deletions were made in K562s across rs737092 (clones D1, D2), rs1175550 (clones D3, D4, D5), and rs1546723 (clones D6, D7) using CRISPR-Cas9 genome editing. Control clones were generated by transfecting Cas9 and pLKO.1 GFP constructs. Quantitative RT-PCR analysis of genes within an $1 megabase wingspan of rs737092 (A), rs1175550 (B), and rs1546723 (C) and expressed over a minimum threshold (FPKM > 2, genes not meeting threshold are in gray) in HEPs was performed. A Bonferroni correction was applied at each locus. A red asterisk (*) indicates the position of the MFV.
rs1175550 and rs737092 show a significant increase in activity upon GATA1 overexpression (FDR < 1%) ( Figure 4C ), reads from ChIP-seq on GATA1 and cofactors favor the active allele of rs1175550 (inconsistent for rs737092, Figure 6C and Table S6) , and the target genes of both variants are upregulated during terminal erythropoiesis ( Figures  S6A and S6B ). Although more work is needed to verify these mechanisms, our data suggest that MFVs can alter the binding and activity of GATA1 and co-factors either directly or by fine-tuning the shape of the DNA adjacent to the core binding motifs.
RBM38 Is a Key Regulator of Alternative Splicing in Terminal Human Erythropoiesis
We performed functional follow-up on RBM38, the gene most strongly affected by the deletion of rs737092. RBM38 (RNA-binding motif protein 38) is an RNA-binding protein that has previously been shown to play a key role in p53 activation . Because rs737092 was associated with RBC count and size (MCV and MCH) in the original GWAS study (van der Harst et al., 2012), we performed a knockdown of RBM38 in primary erythroid cell culture (sh1 and sh2) to investigate its effects on erythroid differentiation and observed delayed differentiation in knockdown cells ( Figures 7A, 7B, and S7A ). This delayed maturation is likely to alter RBC size and count, as observed in the GWAS (van der Harst et al., 2012) , consistent with our earlier findings on other factors associated with these traits (Sankaran et al., 2012b) .
During normal human erythropoiesis, an extensive alternative splicing program of pre-mRNA occurs during the final stages of differentiation, and genes encoding key cell-cycle regulators and structural proteins are preferentially affected (Pimentel et al., 2014) . To test the extent to which RBM38 is necessary for correct alternative splicing in late-stage erythroblasts, we performed RNA-seq on day 16 control and RBM38 knockdown cells. We first confirmed that both control and knockdown cells resembled late-stage erythroblasts ( Figure S7B ). We observed 34 exon-splicing events that were altered by RBM38 knockdown (Figures 7C and 7D ). Over half of these splicing events are observed to the same extent (>20% change in exon inclusion) during normal erythropoiesis, suggesting that RBM38 plays a key role in regulating a subset of the alternative splicing program in human erythropoiesis ( Figure 7D ). It is currently unclear which alternative splicing event(s) are functionally related to the block in differentiation, although several attractive targets were observed. Interestingly, the 2 nd most differentially spliced exon upon RBM38 knockdown is exon 16 of EPB41, and its inclusion is concurrent with a partial exclusion of exon 14 ( Figures 7C, 7E , and S7C), consistent with recent work (Heinicke et al., 2013) . During normal human erythroid differentiation, exon 16 is preferentially included in more mature stages and is required for synthesis of the mature band 4.1R protein, a membrane skeletal protein that is critical for proper stability of the erythrocyte ( Figure 7C ) (Pimentel et al., 2014) . Patients with hereditary elliptocytosis (HE) resulting from mutations in exon 16 of EPB41 have a hemolytic anemia associated with membrane instability, which can result in alteration of various RBC parameters (Conboy et al., 1993; Shi et al., 1999) . Thus, the association of rs737092 with RBC traits may be due to differences in EPB41 exon 16 inclusion and resultant variation in erythrocyte membrane stability in the general population that is more subtle than that observed in HE.
DISCUSSION
As there is currently no gold standard approach to systematically screen for functional GWAS variants, we developed and applied a high-throughput MPRA to simultaneously screen all variants identified from a GWAS of RBC traits for regulatory function. Our assay was capable of identifying endogenous erythroid regulatory elements and conservatively identified 32 MFVs representing 23 ($30%) of the original GWAS hits where we predict that between 10 and 16 are causally related to the original phenotypes. By complementing these results with genetic fine mapping, open chromatin annotations, TF occupancy profiling, motif databases, functional predictive algorithms, CRISPR/Cas9 genome editing, and target gene modulation in primary cell culture, we identify six variants that have concordant allelic skew in DHS or TF profiling, suggest regulatory mechanisms for four variants, show that three variants lie within endogenous enhancers, determine three high-confidence target genes, and finally link one variant back to the original phenotype. This method provides a novel approach for GWAS follow-up and can be applied to any GWAS where the relevant cell type(s) can be identified. Alternatively, MPRA for specific GWAS can be performed across a panel of cell types implicated in the disease or trait of interest to help delineate variants that may affect regulatory activity in a particular lineage. Given the scalability of our MPRA and the availability of corresponding epigenomic profiles for numerous relevant primary cell types (Kundaje et al., 2015) , we envision that our approach could be applied across a larger number of GWAS studies, greatly improving the throughput of functional variant identification and helping to define the largely enigmatic mechanisms of action underlying GWAS results. Moreover, MPRA could prove especially useful when used in conjunction with emerging approaches that allow for systematic disruption of endogenous functional elements but that cannot assess allele-specific variation (Korkmaz et al., 2016) .
There are a number of limitations and considerations to keep in mind when interpreting our results and the general utility of MPRAs for GWAS follow-up. First, given that we estimate a PPV of 32%-50%, this means that at best only 1 out of every 2 variants identified here will be causal, and additional experiments are required to link them back to the original phenotype. Second, as we only estimate a sensitivity of 14%-22% and $80% of GWAS variants likely act by affecting transcriptional regulation at enhancer or promoter regions, our screen undoubtedly has a large number of false negatives. Fortunately, improvements in MRPA technology, such as the ability to detect smaller effect sizes by the inclusion of more barcodes (Patwardhan et al., 2012; Tewhey et al., 2016 [this issue of Cell]), longer genomic contexts (Vockley et al., 2015) , and different promoters or across various cell types/stages will likely improve upon the sensitivity reported here. Third, MPRA is not currently configured to detect functional variants in haplotypes containing multiple variants that may be jointly causal and fall within more than one regulatory element (Corradin et al., 2014; Vockley et al., 2015) . These variants are likely missed by our approach. Fourth, MPRA should be thought of primarily as a screen to generate a reduced set of leads for PCVs. Determining the causality of any single regulatory variant requires exhibiting molecular functionality, identifying target gene(s), and linking these gene(s) back to the original phenotype.
One key finding from our study is that a subset of MFVs appear to act in a common regulatory pathway involving the master regulator GATA1, similar to findings from studies implicating master TFs in other cell types (Farh et al., 2015; Musunuru et al., 2010; Schaub et al., 2012; Soccio et al., 2015) . Interestingly, we determined that most of these variants did not disrupt but were in close proximity to GATA1 and TAL1 binding sites, consistent with the results from a recent GWAS follow-up that found that only 7%-13% of PCVs disrupt a known TF-binding motif but 26% are proximal to the binding motifs of specific TFs. Although more evidence is required for a definitive mechanism, our results suggest that these variants affect GATA1 and co-factor binding or activity by altering the DNA shape in the sequence-flanking core-binding motifs (Levo et al., 2015;  Panne et al., 2007) . This finding is important in the context of the RBC and its associated disorders, as mutations that impact GATA1 have been identified in severe Mendelian disorders, such as Diamond-Blackfan anemia (Ludwig et al., 2014; Sankaran et al., 2012a) , where erythropoiesis is globally perturbed. In a complementary manner, mutations that disrupt canonical GATA1 motifs at key regulatory elements have been found in patients with various congenital forms of anemia (Campagna et al., 2014; Kaneko et al., 2014; Manco et al., 2000; Solis et al., 2001) . Because mutations in both GATA1 itself and its canonical binding motif result in such severe phenotypes, it is perhaps not surprising that common genetic variants associated with small changes in RBC production act not by critically disrupting the binding motif itself but instead by subtly altering the binding and activity of GATA1 and co-factors, resulting in mild to moderate changes in the expression of target gene(s). Consistent with this notion, rs2814778, one of the most wellknown variants subject to positive selection, directly alters a canonical GATA1 motif, completely disrupting expression of the Duffy blood group on the RBC surface and conferring resistance to Plasmodium vivax malaria (Reich et al., 2009; Tournamille et al., 1995) .
Defective erythropoiesis appears to be the most common proximal pathophysiological mechanism of anemia worldwide (Sankaran and Weiss, 2015) . Here, we identified multiple new potential regulators of erythropoiesis (SMIM1, RBM38, and CD164). Further study of these and other MFVs identified by MPRA, as well as their associated genes, will likely yield further biological insight into human erythropoiesis, potentially informing the development of better therapies for various forms of anemia. More generally, the addition of high-throughput variant screening assays, such as the one employed here and by Tewhey et al. (2016) , into the GWAS follow-up toolbox holds promise to accelerate both our understanding of numerous human disorders and the development of potential therapeutic applications (Sankaran and Orkin, 2013) .
EXPERIMENTAL PROCEDURES Reproducible Research
We have provided the raw data and R scripts necessary to reproduce the primary MPRA analyses (http://www.bloodgenes.org/RBC_MPRA/).
Design and Synthesis of an MPRA Seventy-five GWAS hits associated with RBC traits were obtained from a recent study (van der Harst et al., 2012) . SNPs in high LD with sentinel GWAS hits were identified from the CEU population of the 1000 Genomes Project Phase 1 Version 3. One hundred and forty-five nucleotide constructs were designed by placing, for each of the 2,756 variants, major and minor alleles into the construct such that 1/3, 1/2, and 2/3 of the total length was 5 0 of the variant (Table S1 ). An oligonucleotide library containing the 145 nucleotide genomic regions with 14 barcodes each, separated by KpnI-XbaI sites and flanked by constant primer sites, was synthesized on an array (Agilent). The oligonucleotide library was then PCR amplified and cloned into the pMPRA1 plasmid backbone with a minP-luc2 insert, as previously described (Melnikov et al., 2012) . The resulting plasmid library was introduced into K562 or K562+GATA1 cells using a Nucleofector II Device with Cell Line Kit V (Lonza). Forty-eight hours later, total RNA was harvested, and the barcodes were isolated by RT-PCR, as previously described (Melnikov et al., 2012) . The barcodes were then sequenced and counted using an Illumina HiSeq 2500 sequencer.
Analysis of a High-Throughput Variant Screen
A total of six replicates were performed for the MPRA screen in K562 cells and four replicates in K562+GATA1 cells. A pseudocount of 1 was added to DNA and RNA barcode counts that were subsequently normalized to counts per million (CPM) and log 2 transformed. Barcodes with fewer than 8 transformed counts were removed from each replicate. Activity was calculated as the ratio of RNA and DNA counts. Replicates were quantile normalized and combined as independent observations. ACs were defined as constructs that showed significantly higher activity (FDR < 1%, derived on all constructs and SWs) when compared with the activity distribution of all other constructs by a one-sided Mann-Whitney-U test. To identify MFVs, we used a two-sided Mann-Whitney-U test for K562 and K562+GATA1 MPRAs separately to compare activity between the constructs containing the major allele of the variant with those containing the minor allele (FDR < 1%, derived on all constructs and SWs).
Additional Analyses and Experimental Procedures
In-depth experimental and analytic methods are available in the Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, seven figures, and seven tables and can be found with this article online at http://dx.doi.org/10.1016/j.cell.2016.04.048.
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